In T cell-deficient conditions, naïve T cells undergo spontaneous ''homeostatic'' proliferation in response to contact with self-MHC͞ peptide ligands. With the aid of an in vitro system, we show here that homeostatic proliferation is also cytokine-dependent. The cytokines IL-4, IL-7, and IL-15 enhanced homeostatic proliferation of naïve T cells in vitro. Of these cytokines, only IL-7 was found to be critical; thus, naïve T cells underwent homeostatic proliferation in IL-4 ؊ and IL-15 ؊ hosts but proliferated minimally in IL-7 ؊ hosts. In addition to homeostatic proliferation, the prolonged survival of naïve T cells requires IL-7. Thus, naïve T cells disappeared gradually over a 1-month period upon adoptive transfer into IL-7 ؊ hosts. These findings indicate that naïve T cells depend on IL-7 for survival and homeostatic proliferation.
I
n peripheral lymphoid tissues, the overall number of mature T cells is tightly regulated through cell survival, division, and death (1) (2) (3) (4) . The specific signals that regulate T cell homeostasis are largely unknown but are thought to differ depending on the state of T cell activation͞differentiation (5) . Under normal physiological conditions, the longevity of naïve CD8 ϩ T cells in a resting state depends on continuous contact with self-MHC͞ peptide ligands (6) (7) (8) . As for CD8 ϩ cells, the survival of naïve CD4 ϩ cells is reported to require contact with self-MHC ligands (9) (10) (11) (12) , although the validity of this idea recently has been questioned (13, 14) . In contrast to naïve T cells, survival of most memory T cells is MHC independent and is associated with periodic cell division. For CD8 ϩ memory cells, cell division and survival are largely controlled by IL-15 (15) (16) (17) (18) . The signals required for proliferation and survival of memory CD4 ϩ cells are still unknown.
In lymphopenic conditions, both naïve and memory T cells have the capacity to undergo spontaneous ''homeostatic'' proliferation in an attempt to restore the size of the depleted T cell populations (recently reviewed in refs. 3 and 4). As with survival, naïve and memory T cells exhibit different characteristics for homeostatic proliferation. Thus, in T-deficient hosts, proliferation of memory T cells is rapid and MHC independent, whereas proliferation of naïve T cells is relatively slow and depends on contact with self-MHC͞peptide ligands (8, 13, (19) (20) (21) (22) (23) (24) (25) (26) (27) . For naïve T cells, the implication therefore is that reducing T cell numbers somehow augments the signals received through the TCR from contact with self-MHC͞peptide ligands; TCR signaling changes from being covert to overt, thus pushing T cells into cell division.
One possible mechanism by which T cell depletion causes overt activation of residual T cells is that TCR signaling is enhanced by increased exposure to certain cytokines. Thus, through lack of competition, T cell depletion may increase the level of certain growth-promoting cytokines such as IL-2, IL-4, IL-7, and IL-15. Of these cytokines, IL-4 and IL-7 are known to prolong the survival of naïve T cells in vitro (28) (29) (30) . Moreover, IL-7 has recently been implicated in regulating naïve T cell homeostasis (31, 32) .
To investigate the role of cytokines, we have devised an approach for studying homeostatic proliferation in excised lymphoid organs (LOs) cultured in vitro. (8, 38) , generated by F. Lemonnier (Institut Pasteur), were provided by R. Ahmed (Emory University).
Adoptive Transfer of T Cells. Lymph node (LN) cells were obtained from donor mice and 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE, Molecular Probes) labeled as described (23, 39) . Aliquots of 2-3 ϫ 10 6 cells were injected i.v. into unmanipulated mice or mice exposed to 600 cGy whole body irradiation 1 day before cell transfer. At the indicated days after transfer, LN and spleen cells were stained with the appropriate antibodies and analyzed by flow cytometry (23) . Purified CD8 , and anti-CD4 plus complement and then panning on anti-CD8 coated plates (23) . For studies on T cell survival, 15 ϫ 10 6 purified CD4 and CD8 (purity 99%) LN T cells from B6.Ly5.1 ϩ donors were CFSE-labeled and transferred into unirradiated B6 or B6.IL-7 Ϫ mice. LN and spleen cells were harvested at the indicated time points and stained for Ly5.1 and CD8 and analyzed by flow cytometry.
In Vitro Analysis of T Cell Homeostasis. CFSE-labeled donor LN cells (2-5 ϫ 10 6 ) were injected into unirradiated B6, irradiated B6, or unirradiated RAG-1 Ϫ mice. Several (3-15) hours later, LNs and spleens were harvested from host mice; spleens were cut into small 1-mm cubes. The organs were cultured in DMEM supplemented with 10% ␥-globulin-free horse serum, glutamine, penicillin͞streptomycin, and neomycin for 7 days at 37°C in a 93% O 2 ͞7% CO 2 atmosphere; the culture medium was changed every other day (40) . Single cell suspensions were made from the LNs and spleen fragments and stained with the appropriate This paper was submitted directly (Track II) to the PNAS office.
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antibodies followed by flow cytometry analysis. The following cytokines were used: recombinant murine (rm)IL-2, rmIL-4, rmIL-7, and recombinant human (rh)IL-15 (R & D Systems). For blocking studies, anti-IL-2R␤ (clone Tm␤1), anti-IL-4 (clone 11B11), and anti-common ␥ chain (␥c) (a mixture of clones TUGM2, 3E12, and 4G3) were obtained from PharMingen, and anti-IL-7 polyclonal antibody was obtained from R & D Systems. FACS Analysis. LN or spleen cells were stained for donor cells as previously described (23) . To detect OT-I specific cells, phosphatidylethanolamine (PE)-conjugated anti-V␤2 (PharMingen) and Cy5-conjugated anti-CD8 (clone YTS-169) were used. To detect 2C-specific cells, PE-conjugated anti-CD8 (eBioscience, San Diego) and Cy5-conjugated anti-clonotypic mAb1B2 were used. To detect Thy-1.1 ϩ cells from B6.PL donor mice, cells were stained with biotinylated anti-Thy-1.1 (PharMingen) followed by Cy5-conjugated streptavidin (Jackson ImmunoResearch) and PE-conjugated anti-CD8 (eBiosicence). In studies examining T cell survival in IL-7 Ϫ mice, Ly5.1 donor cells were stained with PE-conjugated anti-CD8 (clone YTS-169), and Cy5-conjugated Ly5.1. To determine expression of cytokine receptors on T cells, LN cells from RAG-1 Ϫ OT-I, B6, and 2C mice were stained with PE-conjugated anti-CD25 (PharMingen), PE-conjugated anti-IL-2R␤ (PharMingen), biotinyated anti-IL-7R␣ (clone A7R34) (41) followed by PE-conjugated streptavidin (Jackson ImmunoResearch), or anti-␥c (clone 4G3) (PharMingen) followed by biotinylated anti-rat IgG (Jackson ImmunoResearch) followed by PE-conjugated streptavidin; the cells were then stained for CD4 and CD8 or CD8 and 1B2 (for 2C cells). PE, biotin, or unconjugated rat IgG antibody (PharMingen) was used for background staining.
Results
An in Vitro System for Studying Homeostatic Proliferation. Current studies on homeostatic T cell proliferation are strictly limited to in vivo experiments on live animals. Thus, examining homeostatic proliferation under conventional culture conditions in vitro is impractical because single cell suspensions of T cells die within a few days. Moreover, even if T cell death is reduced, e.g., by using bcl-2 transgenic T cells, spontaneous proliferation of T cells cultured with APC is very limited; this applies even with a high APC to T cell ratio, i.e., the conditions that induce strong homeostatic proliferation in vivo (data not shown). The failure to detect homeostatic proliferation of T cells in vitro could reflect that naïve T cells need to interact with APC within the threedimensional architecture of the lymphoid tissues and͞or that the stromal cells of the lymphoid tissues play a crucial role in supporting homeostatic proliferation, perhaps by secreting essential cytokines. If this reasoning is correct, one would expect naïve T cells to undergo homeostatic proliferation in vitro in whole lymphoid tissues, i.e., in tissues that were not physically disrupted.
To test this idea, CD8 ϩ T cells from OT-I TCR transgenic mice on a RAG-1 Ϫ background were injected into T-depleted (irradiated) syngeneic B6 mice; to measure proliferation, the injected T cells were labeled with the intracellular dye, CFSE (39) . LNs and spleens were removed 4-15 h later and cultured in vitro; LNs were cultured as whole organs, whereas the spleens were minced into 1-mm fragments. The LNs were either cultured at the air͞liquid interphase on top of media-saturated sponge foams or submerged in DMEM supplemented with 10% serum in a 93% O 2 ͞7% CO 2 atmosphere for 7 days; spleen fragments were cultured submerged in media (40) . Although the total recoveries of viable cells from these LO cultures were 5-fold lower than from freshly harvested tissues (2.4 Ϯ 0.6 ϫ 10 6 in vivo vs. 0.5 Ϯ 0.2 ϫ 10 6 in vitro, after injection of 2 ϫ 10 6 whole LN cells), the donor OT-I cells underwent significant homeostatic proliferation (as defined by dilution of CFSE in V␣2 ϩ CD8 ϩ cells) (Fig. 1) . Thus, the donor cells proliferated in LO cultures prepared from T cell-depleted syngeneic hosts, i.e., irradiated (Fig. 1, group II) or RAG-1 Ϫ (Fig. 1, group IV) hosts, but not in cultures from T cell-sufficient unirradiated B6 hosts (Fig. 1,  group I) ; note that the large CFSE Ϫ peak for unirradiated B6 host denotes unlabeled host V␣2 ϩ cells (Fig. 1, group I) . Consistent with the notion that homeostatic proliferation is directed to MHC molecules (MHC class I for CD8 ϩ cells), homeostatic proliferation of OT-I CD8 ϩ cells was undetectable in MHC class I Ϫ hosts, i.e., in irradiated ␤2m Fig. 1, group III) . The recovery of donor OT-I cells from irradiated MHC class I Ϫ hosts (0.5 Ϯ 0.1 ϫ 10 4 ) was significantly lower than that from B6 hosts (1.6 Ϯ 0.5 ϫ 10 4 ), presumably reflecting the difference in the levels of proliferation and survival.
Cytokines Enhance Homeostatic Proliferation of CD8 ؉ Cells in Vitro.
Although homeostatic proliferation of OT-I cells was clearly detectable in LO cultures prepared from irradiated hosts, for B6 mice the number of cell divisions observed in vitro was consistently less than that observed under in vivo conditions (Fig. 1 , compare group II with group V). This difference could reflect greater death of T cells in LO cultures than in vivo. To examine this possibility, LO cultures were incubated in medium supplemented with cytokines known to prevent death of naïve T cells in vitro, i.e., IL-4 and IL-7 (28) (29) (30) . Both for normal (B6) and TCR transgenic (OT-I, 2C) T cells, most naïve T cells express receptors for IL-4 (42, 43) and IL-7 ( Fig. 2) and also express the common cytokine ␥ chain (␥c or CD132), which is required for signaling via IL-4 and IL-7 (and also IL-2, IL-9, and IL-15) ( whereas IL-2R␣ (CD25), a high affinity receptor for IL-2, is not expressed on naïve T cells (Fig. 2) .
In LO cultures prepared from irradiated B6 hosts injected with RAG-1 Ϫ OT-I CD8 ϩ cells, the striking finding was that supplementing the media with low concentrations (1-10 ng͞ml) of IL-4, IL-7, or IL-15 significantly increased overall T cell recoveries (2-to 4-fold) and, more importantly, enhanced homeostatic proliferation of donor T cells (Fig. 3A) . Thus, with addition of these cytokines, homeostatic proliferation of OT-I cells in LO cultures was as high or higher than in vivo. Similar results were observed when the injected RAG-1 Ϫ OT-I cells were depleted of contaminating CD44 hi cells (data not shown), which makes it unlikely that the enhanced proliferation by cytokines reflected selective expansion of memory͞activated T cells. In contrast to IL-4, IL-7, and IL-15, supplementing the media with similar concentrations of IL-2, IL-6, or IL-9 failed to enhance homeostatic proliferation of OT-I cells in LO cultures (Fig. 3 and data  not shown) .
Significantly, addition of IL-4, IL-7, or IL-15 had little effect on the inability of OT-I cells to undergo homeostatic proliferation in LO cultures prepared from irradiated MHC class I-deficient ␤2m Fig. 3A and data not shown) ; this also applied when a mixture of all three cytokines was added (not shown). Hence, the enhancing effect of the cytokines depended on TCR-MHC interaction.
As with the transgenic CD8 ϩ OT-I cells, polyclonal Thy-1-congenic (B6.PL) CD8 ϩ cells also underwent significant homeostatic proliferation in LO cultures prepared from irradiated B6 hosts, although proliferation in the absence of cytokines was less marked than with OT-I cells (Fig. 3B) . However, proliferation increased considerably upon addition of IL-7 or IL-15. Interestingly, in contrast to CD8 ϩ cells, homeostatic proliferation of B6 CD4 ϩ cells in LO cultures was very low and was not enhanced by addition of IL-4, IL-7, or IL-15, even in combinations (Fig. 3B and data not shown).
Requirement for Signaling Through ␥c for Homeostatic Proliferation
and Survival. For CD8 ϩ cells, the above data suggest that homeostatic proliferation could depend on steady-state ''background'' production of IL-4, IL-7, or IL-15. In favor of this possibility, supplementing LO cultures (prepared from irradiated B6 hosts) with a mixture of three anti-␥c mAbs substantially inhibited homeostatic proliferation of OT-I CD8 ϩ cells (Fig. 4) . Surprisingly, anti-␥c antibodies also reduced the overall recovery of OT-I cells by Ͼ10-fold (Fig. 4) . This effect did not appear to reflect opsonization of T cells because addition of an isotypematched antibody to IL-2R␤ (a receptor for IL-2 and IL-15) only slightly decreased OT-I cell proliferation and recovery (Fig. 4) .
IL-7 Is Essential for Homeostatic Proliferation in Vivo.
The above finding that homeostatic proliferation is abrogated by blocking the ␥c but not by blocking the IL-2R␤ chain implies that homeostatic proliferation is controlled by background production of either IL-4 or IL-7 (although not IL-15). However, attempts to prove this idea by blocking proliferation with commercially available anti-IL-4 and anti-IL-7 neutralizing antibodies in LO cultures were unsuccessful (data not shown). Because it was unclear whether these antibodies were functionally efficient in LO cultures, we examined homeostatic proliferation in vivo in cytokine-gene knockout mice. In these hosts, the notable finding was that homeostatic proliferation of OT-I CD 8 hosts; these cells were probably contaminating memory T cells, which undergo very rapid homeostatic proliferation.
Because IL-7 is essential for early development of T and B lymphocytes, the secondary lymphoid tissues in IL-7 Ϫ mice are extremely small and hypocellular (37) . It is thus possible that T cells fail to undergo homeostatic proliferation in IL-7 Ϫ hosts because the lymphoid tissues in these mice are aberrant. To address this concern, we tested whether infusion of exogenous IL-7 would restore homeostatic proliferation of donor T cells in IL-7 Ϫ mice. This was indeed found to be the case, both under in vivo and in vitro conditions (Fig. 6 Left) . Thus, injection of IL-7 (500 ng͞mouse every 12 h for 7 days) restored the ability of irradiated IL-7 Ϫ hosts to support homeostatic proliferation of OT-I cells. Similarly, addition of exogenous IL-7 (40 ng͞ml) in the media restored the capacity of donor OT-I cells to proliferate in LO cultures prepared from irradiated IL-7 Ϫ hosts.
Bcl-2 Cannot Replace the Requirement for IL-7 in Homeostatic Proliferation. One of the actions of IL-7 is to up-regulate bcl-2 (45), and overexpression of bcl-2 has been shown to partially overcome the requirement for IL-7 for T cell lymphopoiesis in the thymus (46) . In contrast to thymocyte development, however, overexpression of bcl-2 failed to replace the requirement for IL-7 in homeostatic proliferation. Thus, bcl-2 transgenic T cells failed to undergo proliferation in irradiated IL-7 Ϫ hosts, although these cells proliferated in irradiated B6 hosts (Fig. 6 Right) .
Survival of Naïve CD4 ؉ and CD8 ؉ T Cells Depends on IL-7. To determine whether IL-7 is essential for naïve T cells to survive in interphase, large numbers (15 ϫ 10 6 ) of purified CD4 and CD8 cells from young B6.Ly5.1 mice were CFSE-labeled and injected into unirradiated, i.e., non-T cell-depleted, IL-7 Ϫ , or control B6 mice and analyzed on days 1, 17, and 30. As shown in Fig. 7 , most of the donor Ly5.1 ϩ CFSE hi (i.e., undivided) T cells survived in IL-7 Ϫ hosts at the same frequency as in control B6 hosts for a 2-week period. However, the donor CFSE hi cell numbers decreased dramatically in IL-7 Ϫ hosts after this period and were almost undetectable at 30 days after cell transfer. Thus, IL-7 is also important for prolonged survival of naïve T cells.
Discussion
The findings in this article confirm and extend the recent observation of Schluns et al. (47) that IL-7 plays a crucial role in controlling survival and homeostatic proliferation of naïve T cells. In the absence of IL-7, homeostatic proliferation of naïve T cells is almost completely abolished, and the lifespan of naïve T cells is greatly reduced. Therefore, in addition to its known role in controlling early T cell production, IL-7 plays a key role in regulating T cell homeostasis in peripheral lymphoid tissues. The following working model is proposed for how IL-7 regulates homeostasis. Acting in conjunction with low-level TCR signals from contact with self-MHC͞peptide ligands, IL-7 serves to keep naïve T cells alive at a resting state. The overall size of the naïve T cell pool is thus a reflection of the basal level of free IL-7 in the body, the production of IL-7 presumably being tightly regulated. When the total number of naïve T cells drops below a certain level, consumption of IL-7 is reduced; residual T cells then encounter increased basal concentration of IL-7, which augments TCR signaling and thereby drives naïve T cells to undergo homeostatic proliferation in response to self-MHC͞ peptide ligands.
One minor difference between Schluns et al. (47) and our data is the estimated lifespan of naïve T cells in the absence of IL-7, i.e., in the order of days in the former study compared (48), these cells may have a very abbreviated lifespan and thus disappear rapidly after adoptive transfer. A more interesting possibility is that IL-7R␣ is not a unique receptor for IL-7 but can also bind other cytokines. In favor of this possibility, a new IL-7-like cytokine, termed thymic stromal lymphopoietic (TSLP), binds to a receptor on T cells composed of IL-7R␣ and TSLP receptor (49 -51) . Whether TSLP plays a role in T cell homeostasis͞survival is still unclear. Interestingly, unlike IL-7, signaling via TSLP does not involve ␥c.
Considering that several different cytokines, including IL-4, IL-6, and IL-7, are known to prevent apoptosis of T cells in vitro (28) (29) (30) 52) , it is striking that absence of only IL-7 was detrimental to cell survival. It is, however, possible that the survival of T cells in vivo is under the control of multiple cytokines, with IL-7 assuming the major role (32, 53) . Thus, in the absence of both IL-4 and IL-7, the lifespan of T cells may be even shorter. In favor of this idea, we found that the survival of naïve T cells in LO cultures was greatly reduced after mAb blockade of ␥c. It is also notable that residual T cells in ␥c Ϫ mice have a short lifespan (54) .
In addition to cell survival, it is also possible that the role of IL-7 in homeostatic proliferation is not unique but simply reflects that IL-7 is expressed at higher levels in vivo than other cytokines. Here, a key question, which we have yet to address, is whether the failure of T cells to undergo homeostatic proliferation in IL-7 Ϫ mice can be overcome by adding high concentrations of other cytokines, e.g., IL-4 or IL-15. This question is important because, in addition to IL-7, these two cytokines considerably enhanced homeostatic proliferation in LO cultures. It also should be mentioned that there may be distinct differences between CD4 This point is of interest as IL-7 can be synthesized by dendritic cells (56) , i.e., by cells that are a dominant population in the T cell zones and that presumably play a crucial role as APC for homeostatic proliferation, in addition to stromal cells in the thymus and bone marrow.
As a final point, it should be emphasized that the specific roles played by IL-7 and other cytokines in homeostatic T cell proliferation and survival remain to be clarified. These cytokines may act by providing costimulation for TCR signaling and͞or a passive survival signal. Perhaps the simplest idea is that cytokines induce T cells to up-regulate anti-apoptotic molecules. If so, it is striking that we found no evidence that constitutive up-regulation of Bcl-2, i.e., in Bcl-2 transgenic T cells, failed to overcome the inability of T cells to undergo homeostatic proliferation in IL-7 Ϫ hosts. The role of other anti-apoptotic molecules, e.g., Bcl-X L , has yet to be studied. Alternatively, a more complex scenario is possible. For exam- ple, survival of naïve T cells may be associated with occasional compulsory cell division through contact with the IL-7. Cell death could thus arise from the pressure to undergo cell division in the absence of IL-7.
In summary, our data indicate that IL-7 plays a key role in T cell homeostasis, both for homeostatic proliferation and survival. This finding raises the possibility that the overproduction of T (and B) cells in IL-7 transgenic mice (57, 58) reflects the action of IL-7 on mature T cells. The data also suggest that the paucity of naïve T cells in aging may reflect a decline in IL-7 production, in which case infusion of exogenous IL-7 could serve to replenish the T cell pool.
